Abstract To validate the mechanism of cellulose breakdown in cold climate wetlands, we investigated cellulase activity in sediments collected from 17 wetland sites in Hokkaido, the northern area of Japan. We evaluated cellulase activity by quantitative analysis of glucose released from carboxymethyl cellulose and found that sediments from peat fens demonstrated high activity, followed by sediments from lagoons and estuaries. Sediments from peat fens also contained greater amounts of organic matter, followed by lagoons and estuaries, thereby suggesting a strong positive correlation between organic matter content and cellulase activity. Evaluation of cellulase activity by qualitative cellulose zymographic analysis showed that various cellulases with different molecular sizes were implicated in cellulose breakdown in wetlands. Among them, cellulose breakdown in Meguma Pond (peat fen), Notsuke Gulf (peat fen), and Lake Utonai (lagoon) was potentially due to microorganism cellulase, while that in Lake Chobushi (lagoon) was ascribed to meiobenthos (Oligochaeta species) cellulase. The findings presented herein suggest that the origin and activity level of cellulase vary depending on the type of cold climate wetland.
Introduction
Wetlands play ecologically important roles as breeding grounds and stopping points for migratory birds, as well as habitats for aquatic invertebrates, because of the richness of nutrients derived from rivers, lakes, and seas [1] . Cellulose, a component of plant cell walls, is a major organic material in the sediment of wetlands. Cellulose is a high-molecularweight polysaccharide comprising b-1,4-linked glucose residues and is biochemically stable compared with starch, in which glucose residues are bound by a-1,4 linkages and a-1,6 linkages [2, 3] . Cellulase, which is a general term for enzymes that belong to the glycoside hydrolase family that catalyze hydrolysis of the b-1,4-glycoside linkages of cellulose chains, includes endo-b-1,4-glucanase (EC 3.2.1.4) and cellobiohydrolase (EC 3.2.1.91). Endo-b-1,4-glucanase and cellobiohydrolase degrade cellulose to cellodextrin or cellobiose, and another enzyme b-glucosidase (EC 3.2.1.21) further degrades them to glucose [4] . Cellulases from bacteria [5] , filamentous fungi [6] , basidiomycetes [7] , myxomycetes [8] , and protozoa [9] have been extensively studied. Occurrence of cellulase whose genes are encoded on chromosomes of their own have been reported from termite [10] and Nematoda [11, 12] . Occurrence of these endogenous cellulases has also been reported in aquatic animals, such as blue mussels, abalones, sea urchins [13] [14] [15] , and brackish clam [16] .
Cellulase and b-acetylglucosaminidase activities in sediments collected from various wetlands in Japan were measured as part of the research conducted for The International Collaborative Research on the Management of Wetland Ecosystem of the National Institute for Environmental Studies between 1998 and 2002 [17] . In this report, high cellulase activities were detected in sediments from Lake Furen and Biwase River, located in the east area of Hokkaido Prefecture of Japan, and the activities were assumed to be derived from microorganisms. Recently, it was shown that the cellulase activities in these northern areas of Japan can be ascribed to meiobenthos, but not to microorganisms, and suggested that meiobenthos play an important role in the breakdown of cellulose, especially in cold climates [18] . Meiobenthos are defined as animals that pass through a 1-mm mesh filter and are known to be composed of a variety of fauna corresponding to 22 phyla [19] .
There are many untouched wetlands in Hokkaido, which has the greatest number of wetlands on the registry of the 500 most important wetlands in Japan maintained by the Ministry of Environment [20] and Ramsar Convention [21] . Wetlands are classified as lakes, rivers, or estuaries. Hokkaido has many lakes, most of which are classified as lagoons that were formed when a part of the sea was enclosed by land. Many lagoons are located in Hokkaido (e.g., Lake Saroma and Lake Furen). Land-derived organic matter accumulates more easily in lagoons than in estuaries, because lagoons have only a narrow mouth open to the sea [22] . Many peat fens are localized in the eastern and northern parts of Hokkaido, because cellulose breakdown by microorganisms is suppressed at low level due to low temperatures throughout the year; for example, annual mean temperatures around Meguma Pond and Notsuke Gulf in 2010 were 6.7 and 6.3°C, respectively (Japan Meteorological Agency Web: http://www.jma.go.jp/, accessed 19 August 2011). Because enough cellulose derived from undecayed plants could be available in peat fens, it is assumed that various cellulose consumers inhabit these areas [23] . Although various types of wetlands located in Hokkaido are presumed to be inhabited by diverse cellulose consumers such as microorganisms and meiobenthos, it remains unknown what types of organisms are mainly involved in cellulose breakdown in these wetlands.
In the present study, to evaluate cellulose breakdown in cold climate wetlands, we compared the degree of cellulose breakdown among the different types of wetlands in Hokkaido and tried to identify major cellulose consumers in these wetlands. Figure 1 shows the sampling sites and their latitude and longitude measured by a handheld global positioning system (GPS) device (eTrex Vista HCx; Garmin, Olathe, KS, USA). Sampling was performed from early to mid August 2010 and from mid September to early October 2010. We collected sediments from 11 lagoons (Koetoi Onuma Pond, Lake Kuccharo, Lake Saroma, Lake Notoro, Lake Abashiri, Lake Furen, Mochirippu Pond, Lake Akkeshi, Pashikuru Pond, Lake Chobushi, and Lake Utonai), 2 peat fens (Notsuke Gulf and Meguma Pond), and 4 estuaries (Teshio River, Ishikari River, Mukawa River, and Saru River). Sediments from Lake Saroma, Lake Notoro, Lake Abashiri, Lake Akkeshi, Lake Furen, Notsuke Gulf, Mochirippu Pond, Pashikuru Pond, and Lake Chobushi were collected on August 9-12, 2010, and those from the other sites were collected from September 29 to October 2, 2010. We collected approximately 1 kg sediment from depth of 5 cm at each collecting site. We selected one collecting site apparently without plants for each wetland and transported these samples at 4°C back to the laboratory at Kyoto University. Sediment samples were stored at 4°C until analyses. Salt concentration of environmental water from each sampling site was measured by salinometer (IS/Mill-E; AS ONE Corporation, Osaka, Japan). Tables 1 and 2 present the salinity and grain size composition of each wetland, respectively. Unless otherwise specified, special grades of reagents were commercially obtained from Nacalai Tesque (Kyoto, Japan).
Materials and methods

Materials
Measurement of sediment cellulase activity by quantitative analysis
Cellulase activity of sediments was measured within 2 weeks of collection, according to the method of Soil Microbiological Society [24] , by using tetrazolium as a coloring agent [25] . Five grams (wet weight) of sediment, passed through a 2 mm-filter, was collected in a 50-ml conical tube and added to 0.5 ml toluene for sterilization. Next, 10 ml 0.2 M acetate buffer (pH 5.9) and 10 ml 1 % Tables 1 and 2 sodium carboxymethyl cellulose (CMC; Sigma, St Louis, MO, USA) were added and incubated in a water bath at 30°C for 24 h with shaking. The same reaction mixture containing water instead of CMC was used as control. After incubation, tubes were centrifuged at 8,000 9 g for 5 min, and 100 ll of supernatant was added to a 1.5-ml tube. One milliliter of tetrazolium blue was added to the tube and heated at 100°C for 4 min in a block incubator (BI-525; ASTEC, Fukuoka, Japan), and the absorbance at 660 nm was measured by spectrophotometer (UV mini 1240; Shimadzu Corporation, Kyoto, Japan) after cooling. The value of the absorbance was converted to glucose concentration by using a standard curve for glucose (0-180 lg/ml) created at the same time. The pellet obtained by centrifugation was dried in a dryer (PS-420; ADVANTEC, Tokyo, Japan) at 60°C overnight to determine the dry weight. Cellulase activity is presented as the amount of glucose released from CMC per 1 g sediment (dry weight) per 1 h.
Isolation of meiobenthos
Meiobenthos were isolated alive from sediments within 1 week of collection. Meiobenthos were recovered in the fraction that included materials small enough to pass through a 1-mm mesh filter but too large to pass through a [26] . We used single body of meiobenthos for qualitative cellulase assay and two bodies for quantitative assay. Cellulase activity of Oligochaeta from Notsuke Gulf was measured quantitatively according to the modified method of Niiyama and Toyohara [27] . Briefly, two bodies of living Oligochaeta were homogenized with cold 110 ll phosphate-buffered saline (PBS, containing 140 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 , pH 7.4). Then, 3 ll meiobenthos extract, 3 ll 1 M sodium acetate buffer (pH 5.9), and 24 ll 1 % CMC solution were mixed. Reactions were carried out at 30 and 4°C for 1, 3, 7, 12, and 24 h with shaking. After incubation, the mixtures were heated at 100°C for 3 min in the block incubator described above to terminate the enzyme reaction. The amount of reducing sugar produced was measured by the tetrazolium blue method [25] . Absorbance at 660 nm was measured with a UV mini 1240 spectrophotometer.
Preparation and culture of cellulose-breakdown microorganisms Sediment was spread on an agar plate [1.5 % agar containing 0.5 % CMC, 0.15 % Ca(NO 3 ) 2 , 0.05 % MgSO 4 , 0.05 % K 2 HPO 4 ] and cultured at 25°C for 1 week. Autoclaved 0.1 % soft agar was then added to the cultured plate, and the surface of the plate containing microorganisms was scraped with a bacteria spreader. Soft agar containing cultured microorganisms was added to a liquid culture medium [0.5 % CMC, 0.15 % Ca(NO 3 ) 2 , 0.05 % MgSO 4 , and 0.05 % K 2 HPO 4 ] and cultured at 25°C for 1 week. Culture medium was then filtered through paper filter (no. 1; Toyo Roshi Kaisha, Tokyo, Japan), and the filtrate was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) zymographic analysis.
Measurement of cellulase activity by qualitative analysis with SDS-PAGE zymography
An aliquot of sediment and a 1/5 volume of 69 SDS sample buffer [containing 0.6 M Tris-HCl (pH 6.8), 60 % glycerol, 6 % SDS, and 0.06 % bromophenol blue] were mixed using a homogenizer (HandySonic UR-20P; TOMY SEIKO, Tokyo, Japan), incubated on ice for 2 h, and centrifuged at 8,000 9 g for 5 min. The supernatant was used for SDS-PAGE zymographic analysis.
Meiobenthos were picked up from the sediments one by one using a pair of tweezers under a binocular microscope (S2X12; Olympus, Tokyo, Japan), and each was then homogenized alive with 20 ll cold PBS to prepare a meiobenthos extract for SDS-PAGE zymographic analysis. Approximate lengths of each meiobenthos were as follows: a Nematoda obtained from Meguma Pond was 2-3 mm long and that from Lake Utonai was 4 mm long; Oligochaeta species from Meguma Pond, Lake Notoro, and Lake Utonai were 1-2 mm long, 4 mm long, and 8 mm long, respectively; and Maxillopoda species from Meguma Pond was 1 mm long. Cellulase zymographic analysis was performed using 7.5 % SDS-PAGE gels containing 0.1 % CMC. After electrophoresis, the gels were soaked in 10 mM acetate buffer (pH 5.5) containing 0.1 % Triton X-100 for 30 min to remove SDS from the gels. The gels were transferred to 10 mM acetate buffer (pH 5.5), incubated at 37 or 4°C overnight, and then stained with 0.1 % Congo Red. In case of sediment of Notsuke Gulf, the gel was incubated for 4 days because of low activity. The gels were destained using 1 M NaCl. The active bands were detected as nonstained bands.
Measurement of organic component ratio
Dried sediment obtained as described above was heated in a mantle heater (KCA-10A; Koito, Tokyo, Japan) at 600°C for 3 h [28] . Organic component ratio (%) was calculated according to the formula below.
Organic component ratio ð%)
¼ ðdry weight À ignition weightÞ=ðdry weightÞ ½ Â 100:
Results
Comparison of cellulase activity level by quantitative cellulase analysis
Among 17 wetland sites in Hokkaido, Meguma Pond showed the highest cellulase activity (peat fen, 737.88 nmol/g h; Table 1 ), followed by Notsuke Gulf (peat fen, 92.39 nmol/ g h), Lake Utonai (freshwater lagoon, 44.45 nmol/g h), Lake Saroma (lagoon, 28.48 nmol/g h), Lake Akkeshi (lagoon, 21.42 nmol/g h), and Lake Notoro (lagoon, 13.86 nmol/g h), as summarized in Table 1 . Sediments from the estuaries of Teshio River, Ishikari River, Mukawa River, and Saru River showed little or no cellulase activity.
Qualitative analysis of cellulases by SDS-PAGE zymography
Among 17 wetlands in Hokkaido, active cellulase bands were detected in all samples by SDS-PAGE zymographic analysis, except for sediments from Pashikuru Pond, Mukawa River, Saru River, and Lake Abashiri (data not shown). For meiobenthos, active cellulase bands were detected in the Oligochaeta species in Meguma Pond (Fig. 2) , Notsuke Gulf (Fig. 2) , Lake Notoro and Lake Abashiri (data not shown), Lake Chobushi (Fig. 2) , Lake Utonai (Fig. 2) , Ishikari River, and Koetoi Onuma Pond (data not shown); Malacostraca species in Lake Kuccharo (data not shown); Nematoda species in Lake Saroma (data not shown); Foraminifera species in Lake Akkeshi (data not shown); and Polychaeta species in Teshio River (data not shown).
As shown in Fig. 2a , sediment from Meguma Pond demonstrated activity as a broad smear above 38 kDa. For meiobenthos, Oligochaeta species showed an active band at 48 kDa, but Nematoda species and Maxillopoda species showed no activity. However, culture medium of microorganisms showed an active band of high molecular weight (above 199 kDa). Figure 2b shows the cellulase activity from the Notsuke Gulf sample. Sediment exhibited intensive active bands at 33 and 87 kDa and faint active bands at 49, 146, 172, and 244 kDa, while Oligochaeta species showed at 26, 29, and 30 kDa. On the other hand, culture medium of microorganisms showed active bands at 108, 146, 172, and 244 kDa. Figure 2c shows the cellulase activity from the Lake Notoro sample. Sediment showed weak active bands at 24, 30, and 58 kDa. Oligochaeta species showed a strong active band at 28 kDa and a weak active band at 29 kDa. Ostracoda species demonstrated a weak active band at 27 kDa, while the culture medium of microorganisms showed active bands at 49, 108, and 230 kDa. Figure 2d shows results from the Lake Chobushi sample. Sediment showed active bands at 33, 59, and 62 kDa, while Oligochaeta species showed active bands at 30, 33, 36, 38, 43, 59, and 62 kDa. Although smear active bands were detected by 24-h incubation because of the intensive cellulase activity of Oligochaeta species, sharp bands could be detected by 10-h incubation. Figure 2e shows the results from the Lake Utonai sample. Sediment showed active bands at 46, 65, and 105 kDa. Nematoda species showed no activity, while Oligochaeta species showed an active band at 68 kDa.
Demonstration of cellulase activity of meiobenthos at low temperature As shown in Fig. 3 , Oligochaeta species demonstrated substantial cellulase activity bands at 4°C in zymographic analysis, with activity levels corresponding to those at 37°C. Oligochaeta species in Notsuke Gulf showed 29 and 30 kDa active bands, while those in Lake Chobushi showed 36, 38, 43 and 59 kDa active bands. Figure 4 shows the cellulase activity of Oligochaeta species in Notsuke Gulf. Higher activity was detected at 30°C than at 4°C. It should be stressed that the activity level at 4°C corresponded to almost 30 % of that at 30°C. Relationship between the amount of organic matter and cellulase activity level
As shown in Table 1 , sediment from peat fens such as Meguma Pond and Notsuke Gulf contained large amounts of organic matter, 66.6 and 16.9 %, respectively. Sediments from lagoons such as Lake Saroma, Lake Akkeshi, and Lake Utonai contained 1.5, 6.4, and 1.5 % organic matter, respectively. Sediments from the estuaries of Teshio River, Ishikari River, and Saru River contained 1.0, 0.1, and 0.1 % organic matter, respectively. There was a strong positive correlation (r = 0.96) between the amount of organic matter and the cellulase activity level among sediments collected from 17 wetlands.
Discussion
We measured cellulase activity in sediments collected from 17 wetlands in Hokkaido to evaluate cellulose breakdown in cold climates. According to our quantitative analysis (Table 1) , sediments from peat fens showed the highest cellulase activity, followed by those from lagoons and estuaries, at least as measured in August and September at the specific collecting sites. SDS-PAGE zymographic analysis revealed that the molecular size of active cellulase bands in sediments from Notsuke Gulf (peat fen) corresponded with those from culture medium of microorganisms. To confirm that microorganism cellulases act at cold temperatures, we measured activity at 4°C. As shown in Fig. 3a , culture medium of microorganisms showed active bands of 146 and 172 kDa, suggesting that microorganism cellulases might have a function in cellulose breakdown in Notsuke Gulf. The molecular sizes of active cellulase bands in the sediments of Lake Chobushi (lagoon) corresponded with those from meiobenthos. These findings suggest that microorganisms and meiobenthos play important roles in cellulose breakdown, especially in these wetlands in Hokkaido. However, the possibility that the molecular sizes of cellulase active bands of sediments and microorganisms/ meiobenthos apparently coincided is not completely ruled out. Further immunological analysis is needed to validate that the active bands of sediments were derived from microorganisms or meiobenthos.
Oligochaeta showed a strong active band that did not coincide with any bands in the sediment samples from Lake Notoro (Fig. 2c) . Despite this fact, it is assumed that Oligochaeta species could have a function in cellulose breakdown in Hokkaido, together with the fact that Oligochaeta played an important role in Lake Chobushi as described above. As shown in Fig. 3 , Oligochaeta species demonstrated substantial cellulase activity at 4°C in qualitative analysis. Oligochaeta species in Notsuke Gulf demonstrated activity at 4°C, corresponding to almost 30 % of that at 30°C (Fig. 4) , suggesting that meiobenthos might have a role in degrading plant residues at low temperature. Since same active bands were demonstrated at 4 and 37°C, these Oligochaeta species were assumed to possess cellulases active in a broad temperature range.
As shown in Table 1 , strong positive correlation was observed between the amount of organic matter and the cellulase activity level. Based on the following facts: (1) organic matter is assumed to be derived from plant residues [29] , (2) in Meguma Pond and Notsuke Gulf where high content of organic matter is detected in sediments, cellulase activity of sediments was derived from microorganisms (Figs. 2a, b) , (3) microorganisms secrete cellulases extracellularly [30] , and (4) Liu and Toyohara [31] reported that fungal cellulase actually bonds to plant residues, it seems likely that cellulases secreted from microorganisms would bind to plant residues and degrade them in the wetlands of peat fen sediments. In our preliminary experiments, cellulases from Corbicula japonica bound to plant residues similar to fungal cellulases (data not shown), so meiobenthos cellulases would function in a sediment-binding form in sediment of Hokkaido wetlands. 
